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The new compound UFe4P12, which was found co be ieostructural to

supercondluc?fr!g LaFe P
4 12

end with @ brrfee ccmrsnt ef 7.7?29 ;,

is a semiconductor ●nd shows ferromagnetic order belob 3.15 K.

ceFe4p12 is also a semiconductor ●nd Ius ❑agnetic susceptibility is

unusually small in comparison, to LaFe4P12. The semiconducting

behaviurs of both UFe4P12 and CeFe4P12 seem anomalous and may ●rise

from strong f-ele:tron hybridization.

72.80.Jc, 75.50.Dd, ?5,30.Cr
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ha part of our inveatigatlon of various types of f-electron

mater~als, we have included the mtudy of ● ●yotem of ternary iron

phosphide compounds with the ~eneral formula PfFe4P12, where M can

be the ●lements La through Eu(1), Th(2) or U. The compound LaFe4P12

is ● superconductor with ● transition temperature Tc D 4.1 K ●nd

●xhibits normal metallic conductivity with ● residual resistance

(3,4,5)ratio of about 90, Metallic conductivity is ●lso observed

for PrFe4P12
(5) , (6)

●nd ‘dFe4%2 which undergo magnetic transitions at

(3)low temperatures. Xossbauer ●xperiments
(7)

●nd magnetic sus-

ceptibility measurements
(4)

‘n ‘aFe4p12
are consistent with com-

pletely demagnetized iron Ln these compounds, suggesting that the

properties of members of the series are determined by the H constit-

uent. In this paper we report the preparation of UFe4P12 for the

first time, and report measurements of the electrical reaistivity

●nd magnetic s~:ceptibiltty of both UFe4P12 and CeFe4P12. Our re-

sults imply that delocalized f-electrons are present in these two

compouads ●nd arc strongly hybridized with electrons of the surround-

ing iron-phosphorous sublattice. This leads to a significant de-

parture of their electron~c properties from those expected based

‘n ‘he ‘thcr ~e4p12 compounds’

Measurements of uFe4P12 aItrl CeFe4F12 were performed on single

(3) ~~-crystal specimens that were grown in a molten tin solvent.

ectrical resistivities wure measured using a standard 4-wire tech-

nique. The magnetic susceptibiljt.y of CeFe4P12 was measured with a

Faraday magnetometer
(8)

in 8531 gauss at~plied magnetic fields and

‘f ‘Fe4p12 with i SQUID magnetometer in 10 kgauss, The body-centered



3.

cubic crystal structure ‘1) ef UFe4P12 ●nd CeF@4P12 w-s vcrifiesl

using x-ray diffraction ●nalymia.

The electrical r~sistlvlties of UFe4P12 and CeFe4P12 ●re shown

In Fig. 1. The curves are normalized to the zoom temperature val-

ues which we estimate to be greater than 1000 PO-CUI, ilthough pze-

cioe values could not be determined due to the irregular shape of

the crystals. For both,the resiativity rise with decreasing temper-

●ture by over six orders of magnitude demonstrates clearly that

they ● re semiconductors. To our knowledge this is the first ●x-

ample of an Isostructural series of metallic rare earth compounds

with the Ce member being non-metallic. Both ‘e4p12
and CeFe4P12

can be fit only over the limited temperature range 85K<T<140K to

an activated conduction iorm, R=~xp(AE/k#) , where AE is the

activation energy and kB is B,oitzmann’s constant. The values

AE/kB = 360K and 1500K, respectively, are obtsined. Below 85K

both curves show a break, or knee, and can no longer be described

by simple activatd., conduction. In the lcwer temperature, higher

resistivity range the measuring ~urrent was varied as a check that

there was no resistive heating of the samples.

From crystal chemical arguments (1,9) it was expected that

CeFe,,P12 could be a semiconductor. This was based on the analogy

of these phosphid~s with the semiconducting compound COP3, which

is isostructural to the iron phosphorus sublattice in the MFe4P12

atructurc$lO~f Ce were tetravalent, it would contribute t?)e neccs-

eory four c.onduct~on electrons to the Iron-phosphorus sublattice,

thus achicvinR , the same electron concentratiott an C~P3. In

b
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‘aFe4p12’ which is a #ood mtalt the rare ●arth ion is trivalent.

lf Ce were to be nearly trivalent in the KPe P
412P base, one would ex-

pect metallic (or perhaps Kondo-like) conductivity ●nd a ●trong-

ly temperature dependent susceptibility.
‘he ‘act ‘hut ceFe4pJ,2 ‘s

● semiconductor ●nd

dent suticeptibility

●nt state for Ce or

●ver, this argument

‘fth ‘l*Fe4p12 ‘~’ere

shows very small , nearly temperature indepen-

(see below) would indicate a nearly tetraval-

perhaps strong 4f ●lectron hybridization. How-

IS weakened somewhat when ● comparison is made

Th is ●lmost certainly tetravalent. Our pre-

liminary resistivity measurements show poor. metallic conductivity

‘0rfiFe4p12” ln ‘Fe4p12 semiconducting behavior is accompanied

by localized moment type magnetism. Thus this system may possess

two localized 5f electrons, making ~he U ions in this system anal-

ogous to Pr. It seems likely that the itinerant f-electrons present

‘n ‘Fe4p12 ●nd CeFe P z strongly hybridize with the conduction ●lee-
41

trons and open ● gap in the ●lectronic density of states at the

fermi energy. This may be analogous to the hybridization gap seen

(11)in the intermediate valent systems SmB6 and SmS, except that

these materials have considerably smaller activation energies than

ceFe4p12 and ‘Fe4p12* Finally, we Bee that the lattice constants for

‘Fe4p12 and CeFe41-’12 ( 7.7729 ~ and 7.7920 ~, respectively) are the

smallest knownfor these types of compounds, and this lends credence

to the ●rgument for hybridization.

The magnetic susceptibility of two samples of CeFe4P12 are shown

in Pig. 2 along with that of LaFe4P12 for comparison. ‘The upturns



●t low temperature for CeFe4P12 can be fit quite well to ● Curie

law which varies by ●n order of magnitude between the two batches

‘f ceFe4p12
crystals. The temperature independent contribution

to the susceptibility of both batches is nearly the tame. We

therefere ●ttribute the upturns to impurities, which ●re most likely

second phases on the surface of the crystals, ●lthough some part of

the upturn of the second batch may be intrinsic. The suscepti-

bility of the second betch can be characterized by a temperature

independent term X. = 2.6 x 10
-4

cm3/mole and ● Curie term ●qui-tal-

3+
●nt to 0.3% Ce impurity Ions per formula unit. Thus the sus-

~ 12 is roughly a factor of two smaller than thatceptibility of CeFe P

of LaFe4P12, and the occurrence of a Ce compound having a much

smaller susceptibility than the isostructural La compound is a

rather unusual result.

The magnetic behavior of UFe4P12 as seen from Fig. 3 18 very

different from that of CeFe4P12. A ferromagnetic-like transition

at 3.15 K was inferred from ac susceptlhility measurements of [We t
4 12’

In addition, the magnetization in fields up to 3 T showed strong

field dependence and attained 1.2 pB/U-atom at T=l.9 K, Magnetic

hysteresis was detected for temperatures below the Curie temper-

ature. The small positive Curie-Weiss temperature in Fig. 3 is

consistent with low temperature ferromagnetic order. We note that

the ferromagnetic order cannot be mediated by conduction electrons,

as ‘FC4P12
is a ~emiconductor. The inverse susceptibility vs tem-

perature data of Fig, 3 deviate somewhat from a Curie-Weiss law

at high temperature and give an effective moment of 2,25 BB/U-atom

at low t2mperaturer3. This moment
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could be ●ccounted for by ● Sf2 configuration reduced by crys-

talline ●lectric field ●ffects or hybridization.

In wnmary, the properties of the compound UFt4P12 ●re re-

ported for the first sime. Our results presented ●bove on the

realstivity and magnetic susceptibility of CeFe ~~.12 and !JFe P
4 12

● re highly unusual in comparison to the other Isostructural

members of this class of compounds. Strong hybridization of the

f-electrons of the Ce and U ● toms with the conduction” electrons

18 likely to be responsible for

We thank Z. Fisk and A. L.

this unusual behavior.

Giorgi for many informative dis-

cussions, and R. E. Roof for performing the x-ray diffraction

analysis of the UFe4P12 sample. This work was performed under

the auspices of the US Department of Energy (ML and UCSD) and

supported by the US Department of Energy under Grant No, DE-AT03-

76ER-70227 (UCSD) and the National Science Foundation under Grant

t?o. 82-03690 (Tufts).



7.

REFERENCES:

a. Permanent address: General Motors Research Laboratory, Warren, MI.

1. W. Jeitschko and D. J. Braun, Acts Crystallog. B33, 3401 (1977).

2. D. J. Braun ●nd W. Jeitschko, J. Less-Common Met. 76, 33 <1980).

3. G. P. Meisner, Physics , 763 (1981).

4. G. P. Meisner, G. R. Stewart, M. S. Torikachvili and M. B. Maple,
in Proc. LT-17, ed. by U. Eckem, A. Schmid, W. Weber and W. Wuhl,
Elsevier, 1984, 71.,1.

5. M. S, Torlkachvili, M. B. Maple and C. P. Meisner, in Ref. 4, 857.

6. M. S. Torikachvili, M. B. Maple and G, P. Meisner (unpublished).

7. G. K. Shenoy, D. R. Noakes and G. P. Meisner, J. Appl. Phys. S3,
2628 (1982).

8. D. K. Wohlleben and M. B. Maple, Rev. Sci. Instr. 43, 1573 (1971).

9. G. P. Meisner, PkD Thesis, University of California, San Diego,
1982.

10. J. Ackerman and A. Weld, J. Phys. Chem. Solids 38, 1013 (1977).

11. For a review see Valence Fluctuations in Solids, ed. by L. M.—— .—
Falikov, W. Hanke and M. B. Maple, North-Holland, Amsterdam, 1981.



8.

FIGURE CAPTION3:.—

?:s. 1: The ●lectrical resistanc~s, R, of UFe4P ~ and CeFe4P12 nar-
k NT.melized to the roem temperature resists ce

Fig. 2: The magnetic susceptibility of CeFe P for two batches of
@l$ ia shown forcrystals. The susceptibility of La e4 12

comparison.

P’ig* 3: Tile inverse magnetic susceptibility of UTe P . The solid
$ ~2/U-atom.line represents ●n ●ffective moment of 2.2 ~
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